Myxofibrosarcoma(MFS) is the most common soft tissue sarcoma(STS) in elderly patients. Surgical resection remains the main treatment modality but tumor borders can be difficult to delineate with conventional clinical methods. Incomplete resections are a common problem and local recurrence remains a clinical issue. A technique that has shown great potential in improving surgical treatment of solid tumors is tumor targeted imaging and image-guided surgery with near-infrared fluorescence. To facilitate this technique, it is essential to identify a biomarker that is highly and homogenously expressed on tumor cells, while being absent on healthy non-malignant tissue. The purpose of this study was to identify suitable molecular targets for tumor-targeted imaging of myxofibrosarcoma. Ten potential molecular targets for tumor targeted imaging were investigated with immunohistochemical analysis in myxofibrosarcoma tissue (n = 34). Results were quantified according to the immunoreactive score(IRS). Moderate expression rates were found for uPAR, PDGFRa and EMA/MUC1. High expression rates of VEGF and TEM1 were seen. Strong expression was most common for TEM1 (88.2%). These results confirms that TEM1 is a suitable target for tumor-targeted imaging of myxofibrosarcoma. Keywords Image-guided surgery; Immunohistochemistry; Molecular imaging; Myxofibrosarcoma; Soft tissue sarcoma; Tumor endothelial marker 1(TEM1), Vascular endothelial growth factor (VEGF).
based on tactile and visual clues is arduous and not always possible. Therefore, there is a need for accurate and real-time imaging techniques that can aid in intraoperative detection of disease.
A promising technique that could aid in real-time tumor detection during surgery is tumor-targeted near-infrared (NIR) fluorescence imaging with targeted molecular agents 16 . To facilitate this technique it is essential to identify a biomarker that can be targeted with an imaging agent. This biomarker needs to be abundantly and homogeneously expressed on tumor cells while being absent on benign and healthy tissue. Another prerequisite is that the biomarker's expression on tumor cells is not significantly altered by preoperative radiotherapy since this is often used for MFS. For a variety of tumor types there are established suitable targets for molecular imaging, but for MFS specific immunohistochemical expression profiles have not yet been described [17] [18] [19] [20] .
Therefore, the primary objective of this study was to determine suitable biomarkers for targeted molecular imaging in myxofibrosarcoma using immunohistochemical analyses of surgically obtained tumor specimens. Ten biomarker candidates were selected based on the literature and availability of imaging agents that specifically target these biomarkers [21] [22] [23] [24] [25] [26] [27] [28] [29] . The biomarker with the highest expression rate was subsequently evaluated on a selection of whole slides to evaluate the contrast between tumor tissue and adjacent benign regions. The secondary objective was to determine whether the expression of these biomarkers is influenced by preoperative treatment.
Methods
Sample selection. Formalin fixed paraffin embedded (FFPE) tissue samples of all patients diagnosed with MFS who underwent surgical resection in the Radboudumc between 2008 and 2015 were reviewed. Patient characteristics are depicted in Supplementary Table 1 . The local institutional ethics committee of the Radboud university medical center approved this study. The need for informed consent was waived by the institutional review board since no interventions were performed and the majority of patients were either deceased or lost to follow up (>5 years after initial treatment). All samples and corresponding data were handled and stored anonymously. The study was performed in accordance with the Code of Conduct of the Federation of Medical Scientific Societies in the Netherlands and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
Biomarkers.
A total of 10 biomarkers was selected based on literature that reports on tumor targeted imaging of these markers, and the availability of a clinical grade targeting molecule or imaging conjugate (to facilitate future clinical application). The following biomarkers were selected: Human epidermal growth factor receptor 2 (HER-2), carcino-embryonic-antigen (CEA), epithelial cell adhesion molecule (EpCAM), epidermal growth factor receptor (EGFR), epithelial membrane antigen (EMA, also known as MUC-1), urokinase plasminogen activator receptor (uPAR), platelet-derived growth factor receptor α (PDGFRα), vascular endothelial growth factor A (VEGF-A), Tumor endothelial marker 1 (TEM1) and carbonic anhydrase IX (CA-IX).
Immunohistochemistry on tissue microarrays. A dedicated sarcoma pathologist (UF) at our tertiary referral center reviewed all histological slides and selected regions of interest for the tissue microarrays (TMAs). TMAs with 2 mm cores were sampled and constructed by a dedicated medical technician. Subsequently, TMAs were deparaffinized with xylene, rehydrated in ethanol and rinsed in distilled water according to standard local protocol. Heat-induced antigen retrieval was performed in 10 mM sodium citrate buffer (pH 6.0) or EDTA solution (pH 9.0) for 10 minutes in a microwave or in a PT Module(10 min, 90 C). Endogenous peroxidase activity was blocked with 3% H 2 O 2 in 10Mm phosphate buffered saline (PBS) for 10 min at room temperature. Subsequently, tissue sections were washed with 10 mM PBS and stained with primary antibodies at room temperature or 4 °C respectively. Primary antibodies used and their characteristics are depicted in Supplementary Table 2 . Next, tissue sections were incubated with Poly-HRP-GAMs/Rb IgG (ImmunoLogic) in EnVision ™ FLEX Wash Buffer (Dako A/S, Denmark) (1:1) for 30 min at room temperature. Antibody binding was visualized using the EnVision ™ FLEX Substrate Working Solution (Dako) for 10 min at room temperature. The slides stained with VEGF, EGFR and CAIX were visualized with DAB bright (immunologic) for 8 minutes at room temperature. All sections were counterstained with haematoxylin for 5 seconds, dehydrated in ethanol and coverslipped. uPAR sections were treated similarly except that epitope retrieval was performed using PT link and a low-pH Envision FLEX target retrieval solution (Agilent, Santa Clara, United States) and visualization was done with Envision anti mouse (K4001, Agilent) and 3,3 diaminobenzidine tetrahydrochloride (Agilent). For HER-2, a ready to use HercepTest kit was used (Dako) according to the manufacturer's protocol. Appropriate positive controls were stained for all primary antibodies.
Immunohistochemical scoring method. The extent of biomarker expression was assessed in primary tumor tissue on a scale from 0-4. (0 = <10% positive cells, 1 = 10-25% positive cells, 2 = 25-50% positive cells, 3 = 50-75% positive cells, 4 = >75% positive cells. Biomarker expression intensity was scored on a scale ranging from 0 to 3 (0 for no staining, 1 for weak staining, 2 for moderate staining and 3 for strong staining). For this study we combined the percentage and intensity scores into a final expression score according to the immunoreactive score(IRS) scoring method 30 . The IRS is calculated as follows: Final expression score = percentage of positive cells multiplied by the staining intensity. This results in a final score ranging from 0-12. The final expression score was divided into 4 categories (0-1 = no expression, 2-3 = weak expression, 4-8 = moderate expression, 9-12 = strong expression). Staining was scored on membranous expression, except for VEGF which was scored on cytoplasmic expression. Strong biomarker expression was considered as highly suitable for tumor-targeted imaging and image-guided surgery purposes. Evaluation of biomarker expression was performed independently by 2 trained observers, one dedicated sarcoma pathologist and one assistant professor of sarcoma research (U.F. and Y.V.). All cases where inter-observer disagreement occurred were discussed together with a third observer (J.M.G) until agreement was reached on the final expression score. Representative images of these expression intensity scores are depicted in Fig. 1 .
Negative controls and tumor borders.
All FFPE blocks selected for the TMAs were evaluated to select those that represented a section of MFS with a clearly distinguishable border between malignant and benign/preexistent tissue. 4 µm sections were stained for H&E and the biomarker with the highest rate of expression found in the previous experiment. Tumor borders and invasive extensions were defined and marked by a dedicated sarcoma pathologist (U.F.) on the H&E slide. The immunostaining on tumor versus various types of benign tissue was assessed by the pathologist.
Statistical analysis. Descriptive statistics were calculated and shown for expression of all biomarkers. Samples were also divided in 2 groups, those that were treated with or without neoadjuvant radiotherapy. Differences in biomarker expression between these groups were calculated and compared using the Mann-Whitney U test. Results were considered statistically significant when the p value was smaller than 0.05. All statistical analyses were performed using the SPSS (version 23; IBM, Chicago, IL, USA) and GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA, USA).
Ethics approval. This study was conducted according to the ethical standards laid down in the 1964
Declaration of Helsinki and in accordance with the ethical standards of the local ethics committee and with national Dutch guidelines ("Code for Proper Secondary Use of Human Tissues, " Dutch Federation of Medical Scientific Societies). The local medical ethics committee at the Radboud university medical center, Nijmegen, the Netherlands, approved the study prior to its conduction. The need for informed consent was waived by the institutional review board.
Results
Biomarker expression. Cases with inconclusive pathology results were re-evaluated. In five cases the diagnosis MFS was not certain and these were excluded from further analysis. A total of 34 cases with proven diagnosis of MFS were included in the TMA and staining protocol. Ten of these 34 cases were treated with preoperative radiotherapy Per case a minimum of 2 and a maximum of 3 samples per FFPE block were taken and processed in the TMAs. All cases expressed TEM1, with strong expression being present in 30 cases (88.2%). For VEGF, 33 (93%) of all cases showed expression but only 7 (20.6%) exhibited strong expression. EMA/MUC-1 staining was seen in 22 (57.6%) cases with 7 (20.6%) exhibiting strong expression. Only 2(5.9%) of the 10 cases that stained positive for CAIX demonstrated strong expression. Expression of PDGFRa was observed in 26(76.5%) cases but strong expression occurred only once. 12(25.3%) cases stained positive for UPAR but strong expression was seen in 1(2.9%) case. EGFR expression was observed in 9 cases (26.5%) but no strong expression was seen. None of the cases demonstrated expression of EpCAM, CEA or HER2NEU. The expression rates and corresponding percentages of all tumor markers are depicted in Fig. 2. Preoperative treatment effects. Higher rates of strong expression after preoperative treatment with radiotherapy were seen for TEM1 but this was not statistically significant (p = 0.176). The expression pattern of EMA/ MUC1 seems to be negatively influenced by preoperative treatment but this was also not statistically significant (p = 0.181). No significant effect of neoadjuvant radiotherapy on biomarker expression was observed in this cohort. Results of treatment effect are shown in Table 1 .
Negative controls and tumor borders. Ten FFPE blocks showed clear tumor to benign tissue borders and were selected for further analysis. Tissue sections of 4 µm were stained for H&E and TEM1. All sections showed invasive MFS next to various benign/preexistent tissues such as subcutaneous fat, skeletal muscle and adjacent fascia, epidermis, peripheral nerve bundles, blood vessels and necrotic tumor regions. Clear contrast was seen between MFS and benign/preexistent tissue in all sections stained with TEM1. Muscle, fascia and subcutaneous fat showed no discernable TEM1 expression. Weak expression was seen in normal endothelium and fibrous tissue but strong contrast to tumor tissue was still present. Two sections revealed microscopic tumor involvement of the septa highlighted by strong TEM1 expression. Three representative examples are shown in Fig. 3 . 
Discussion
In this immunohistochemical study the expression of 10 biomarker candidates in MFS was examined in surgical samples of 34 patients. Moderate expression rates were observed for uPAR, PDGFRa and EMA/MUC1 and high expression rates of VEGF and TEM1 were observed. Strong overexpression of TEM1 was observed in 89% of all cases, demonstrating great potential as a biomarker for targeted approaches for diagnosis and treatment.
Targeted NIR fluorescence imaging has already been studied in several clinical trials for colorectal, head and neck, pancreatic and renal cancer and has shown its potential and added value in intraoperative decision making 21, 25, [31] [32] [33] . As a result of these trials, a variety of suitable biomarkers have been identified for NIR-fluorescence guided surgery. For soft tissue sarcoma, targeted NIR-fluorescence-guided surgery is still mostly uncharted territory and the literature on tumor marker expression is very limited, especially for MFS.
Small studies performing expanded molecular profiling of MFS are described in the literature but immunohistochemical studies that specifically investigate potential targets for tumor-targeted imaging are lacking 34 . Scoccianti et al. 35 reported on EMA/MUC1 expression in MFS and found no positive staining for EMA/MUC-1. The difference of the results reported in this manuscript might be attributed to a variety of factors such as the use of different antigen retrieval techniques and the use of a different primary antibody. Forker et al. 36 investigated a selection of hypoxia markers, including CAIX, in a large cohort of soft tissue sarcomas. The cohort also contained 52 myxofibrosarcomas but the CA-IX expression was only reported for all STS types together. Mentzel et al. 37 studied vascularity and tumor progression in a series containing 43 MFS cases. They used mRNA in situ hybridization (ISH) to study VEGF expression and report that all cases showed some extent of VEGF expression. This is in accordance with our results, but regrettably, VEGF expression was only studied in 7 of their 43 cases. Sato et al. 38 studied the expression of EGFR and ERB2(HER2NEU) in Japanese myxofibrosarcoma cases. They did not find HER2NEU expression but report that 98% of cases shows EGFR expression. This is a surprising lack of compatibility with the EGFR expression rates in our cohort, where EGFR expression was only found in 26.5%. Because of this discrepancy, an additional EGFR staining with a different primary antibody was performed in our www.nature.com/scientificreports www.nature.com/scientificreports/ cohort but again no EGFR expression was found. The difference might be explained by genetic differences, the use of a different primary antibody or variability in antigen retrieval techniques used.
The suitability of a biomarker for MFS is not solely dependent on its upregulation but influenced by several factors. A scoring system to objectify the assessment of biomarker suitability for targeted NIR-Fluorescence image-guided surgery has been proposed by Oosten et al. 39 . This TASC scoring system corrects for a variety of factors, such as extracellular localization of the biomarker, internalization of the target, previous use of the biomarker in in vivo imaging studies and enzymatic activity in or around tumor tissue. The final maximum TASC score is 22 points and a score ≥18 is considered suitable for imaging purposes. When applying the TASC criteria to TEM1, the final score of 21 confirms its high suitability as a target for NIR fluorescence-guided surgery. The second best marker in our cohort (VEGF) is an interesting and applicable target for NIR-Fluorescence image-guided surgery since a fluorescently-labeled tracer targeting VEGF (bevacuzimab-IRDye800CW) is clinically available and has been extensively studied for several malignancies 32, 40 . The main drawback of VEGF is that it is a signal protein produced to stimulate the formation of blood vessels. Therefore the protein may also be found in benign tissue, especially in injured regions with high rates of angiogenesis 41 . Because of some of these characteristics, the final TASC score of VEGF is 17, which is just below the threshold of 18 set by Oosten et al. 39 .
The absence of the biomarker in benign tissue mentioned in these TASC criteria remains one of the most pivotal characteristics of a suitable biomarker. TEM1 immunohistochemistry on complete tissue sections shows that expression was absent or very limited on a variety of benign/preexistent tissues such as subcutaneous fat, epidermis, muscle and fascia while the primary tumors with diffuse infiltration along preexisting fibrous septa was strongly positive for TEM1. This is of great clinical importance since MFS very frequently extends along the septa into resection margins, with one third of all MFS tumors being larger than originally expected during surgical resection 42 . The fact that muscular fascia did not show TEM1 expression is also of interest because it suggests that TEM1 targeted fluorescence imaging can allow the surgeon to assess if there is tumor involvement of the fascia. The surgeon can follow the muscular fascia as a surgical plane to guide the resection when tumor involvement is not detected. Peripheral nerve bundles were also negative for TEM1, allowing for identification and possible sparing of vital nerves during procedures and therefore reduce surgical morbidity.
A potential advantage of a fluorescent agent targeting TEM1 is that it may be used for a variety of oncological indications. The development of clinical grade tracers for tumor-targeted NIR-fluorescence imaging is an expensive and lengthy process so ideally the developed agent targets a biomarker that is (over)expressed on multiple tumor types. TEM1 is a target with such characteristics since it is strongly expressed on tumor cells, tumor vasculature and stroma in the majority of soft tissue and bone sarcomas 43, 44 . While TEM1 is known to be expressed on tumor cells of several sarcoma subtypes 44 , the expression patterns in other cancer types are generally of a different nature. In melanoma, ovarian, breast, lung and brain cancers TEM1 is mainly found to be highly expressed on perivascular and stroma cells [44] [45] [46] [47] [48] . This does not mean that targeting TEM1 is not feasible www.nature.com/scientificreports www.nature.com/scientificreports/ for these cancer types because stromal targeting also yields potential for image-guided surgery 19 . Besides intraoperative imaging, TEM1 is also an attractive target for preoperative imaging. A preclinical trial investigating TEM1-targeted 89 Zr-Immuno-PET with the clinical grade monoclonal antibody ontuxizumab has shown the possibility to determine TEM1 status in a murine model 49 . This could potentially facilitate non-invasive selection of patients suitable for TEM1 targeted NIR-Fluorescence image-guided surgery, systemic therapy with antibodies or antibody-drug-conjugates 26, 44 . TEM1 targeted immuno-PET may also have potential as a diagnostic tool for metastases detection of STS, since these retain TEM1 expression 50 .
The present study contains several limitations. First, the analyzed cohort is relatively small because MFS is a rare disease. Therefore the analysis of preoperative treatment effect on expression patterns lacks sufficient statistical power. Nevertheless, to our knowledge this study is the first cohort of patients with MFS analyzed for biomarkers for tumor-targeted imaging. Second, the selection of biomarkers was not completely comprehensive, also because selection was partially based on availability of clinical grade targeting agents or imaging conjugates. Finally, because TMAs were used for staining purposes, adjacent benign tissue such as muscle, fat or fascia was not investigated for all markers. However, the marker with the highest expression (TEM1) was extensively investigated for expression in a variety of benign adjacent tissues, emphasizing its potential as a biomarker for image-guided surgery. These results are supported by the literature reporting on the absence of TEM1 expression in benign and healthy tissue 50, 51 .
Tumor -targeted image-guided surgery has the potential to improve surgical treatment of myxofibrosarcoma. In this immunohistochemical study we investigated a variety of biomarker candidates to determine a suitable target for NIR fluorescence image-guided surgery of myxofibrosarcoma. The results clearly show that TEM1 is an excellent potential biomarker to investigate in future studies.
